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At the time of fertilization, the paternal genome lacks
the typical configuration and marks characteristic of
pericentric heterochromatin. It is thus essential to
understand the dynamics of this region during early
development, its importance during that time period
and how a somatic configuration is attained. Here,
we show that pericentric satellites undergo a tran-
sient peak in expression precisely at the time of chro-
mocenter formation. This transcription is regulated in
a strand-specific manner in time and space and is
strongly biased by the parental asymmetry. The tran-
scriptional upregulation follows a developmental
clock, yet when replication is blocked chromocenter
formation is impeded. Furthermore, interference with
major satellite transcripts using locked nucleic acid
(LNA)-DNA gapmers results in developmental arrest
before completion of chromocenter formation. We
conclude that the exquisite strand-specific expres-
sion dynamics at major satellites during the 2-cell
stage, with both up and downregulation, are neces-
sary events for proper chromocenter organization
and developmental progression.
INTRODUCTION
During development of a multicellular organism, the organization
of the genome into chromatin undergoes important functional
changes. Over recent years, much progress has been made in
defining the features of chromatin and nuclear organization
that contribute to the establishment and propagation of differen-
tial gene expression patterns in specific cell lineages (Fraser and
Bickmore, 2007; Hemberger et al., 2009). Some of the most
impressive changes occur after fertilization, when the differentDevelopmchromatin states acquired during oogenesis and spermatogen-
esis undergo a series of rearrangements in the zygote to allow
a return to totipotency. The paternal genome undergoes exten-
sive genome-wide chromatin changes including protamine-
histone exchange and active DNA demethylation (Mayer et al.,
2000a) and both parental genomes acquire competence to repli-
cate and to activate the zygotic genome within a few hours after
fertilization (Bouniol et al., 1995; Worrad et al., 1994). This funda-
mental developmental transition raises major issues concerning
the dynamics of nuclear organization and the setting of epige-
netic marks, especially on the paternal genome, which has to
establish many chromatin features de novo. Although keeping
a memory of the parental origin of the genome is important in
imprinting and dosage compensation (Surani, 2001), the equal-
ization of functional domains, like constitutive heterochromatin,
that should behave in a similar fashion in all cell types (Brown,
1966), is also essential. In this context, the pericentromeric
regions, as a paradigm of constitutive heterochromatin, are
particularly interesting to consider. These domains are localized
adjacent to centromeres and play a key role in chromosome
segregation (Probst et al., 2009). In most mouse interphase
somatic cells, these loci are characterized by a specific chro-
matin signature and organize in clusters, called chromocenters
(Guenatri et al., 2004). However, they can dynamically reorganize
during differentiation (Terranova et al., 2005) and adopt a partic-
ular organization in specialized cell types like Rod photoreceptor
cells (Solovei et al., 2009). At the moment of fertilization, the
organization of the pericentric domains, contributed by the two
specialized gametes, differs considerably; whereas maternal
pericentric domains are enriched in histone posttranslational
modifications typical of somatic cells, the paternal genome is
packaged with protamines. Strikingly, during the first cleavage
stages paternal pericentric domains lack heterochromatic marks
including H3K9me3 or HP1a (Santos et al., 2005) and are instead
enriched in H3K27me3 marks as well as members of the Poly-
comb repressive complex 1 (PRC1) (Puschendorf et al., 2008).
The pericentric domains of the two parental origins eventually
become equivalent by the 8-cell stage (Merico et al., 2007;ental Cell 19, 625–638, October 19, 2010 ª2010 Elsevier Inc. 625
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the particular heterochromatin state, that is key for cell division,
is set up de novo on the paternal genome, whereas the corre-
sponding maternal regions are consolidated.
Transcripts generated by pericentric satellite repeats repre-
sent possible candidates, which could play a role in this process.
Indeed, in fission yeast and plants, heterochromatin formation
andmaintenance require complementary pericentric transcripts,
which are processed to small RNAs that in turn guide hetero-
chromatin formation and establishment of a transcriptionally
silent state (Zaratiegui et al., 2007). Although it remains to be
determined whether a similar mechanism operates in mammals
(Kanellopoulou et al., 2005; Murchison et al., 2005), numerous
noncoding RNAs are expressed in a developmentally regulated
manner (Ponting et al., 2009). Although some of these may be
nonfunctional, others act in chromatin-dependent processes
and silencing of large chromosomal domains during dosage
compensation and genomic imprinting, e.g., Xist, Air, and
Kcnq1ot1 (Ponting et al., 2009;Wiluszet al., 2009).Others, like te-
lomeric repeat-containing RNA (TERRA), are considered to regu-
late telomerase activity (Azzalin et al., 2007; Schoeftner and
Blasco, 2008) or to facilitate heterochromatin formation at chro-
mosome ends (Deng et al., 2009). Noncodingmajor satellite tran-
scripts are of heterogenous length and contain repetitions of the
234bp-long AT-rich major satellite subunits (Lehnertz et al.,
2003). Whether they correspond to transcriptional noise or have
a specific function, how are they regulated and whether they
harbor strand-specific properties have remained largely unan-
swered questions. Their expression has been related to prolifera-
tionandcell-cyclestate (LuandGilbert, 2007), yet they increase in
quantity on terminal differentiation of myoblasts (Terranova et al.,
2005) and conflicting tissue specific expression patterns have
been reported (Gaubatz and Cutler, 1990; Rudert et al., 1995;
Schoeftner and Blasco, 2008).We set out to examine the expres-
sion status of both strands of pericentric major satellite repeats.
Wespecifically investigatedearly cleavagestagesof embryogen-
esis, as this is the timewhen important reorganization of pericen-
tricdomains takesplace (Probst et al., 2007) andheterochromatin
is established de novo at paternal major repeats.
We find that during early mouse development, major satellite
repeats are highly expressed and subsequently rapidly down-
regulated. This event occurs precisely at the time when pericen-
tric domains organize into chromocenters. Remarkably, we
observed a strand-specific control of major satellite expression
both spatially and temporally. This specific regulation not only
corresponds to an intrinsic developmental program, but also
reflects the characteristic parental epigenetic asymmetry.
Although blocking replication does not prevent the transcrip-
tional upregulation of major satellites, chromocenter formation
cannot be completed. Furthermore, interference with major tran-
scripts after microinjection of locked nucleic acid (LNA)-DNA
gapmers results in developmental arrest at the 2-cell stage
before completion of chromocenter formation. Based on these
data, we propose that the specific expression dynamics of major
satellite repeats together with their strand-specific control repre-
sent necessary mechanisms during a critical time window in
preimplantation development that are of key importance to
consolidate the maternal and to set up the paternal heterochro-
matic state at pericentric domains.626 Developmental Cell 19, 625–638, October 19, 2010 ª2010 ElsevRESULTS
Transcriptional Activation of Major Satellites Followed
by Rapid Downregulation Coincides with Chromocenter
Formation during Early Cleavage Stages
To explore the dynamics of pericentric satellite expression
during the first cleavage stages we carried out RNA fluorescent
in situ hybridization (FISH) using nick-translation probes directed
against major satellites. These predominant pericentric satellites
are arranged in tandem repeats forming largely uninterrupted
arrays and show little sequence deviation (Lehnertz et al.,
2003; Vissel and Choo, 1989). Although major satellite tran-
scripts were barely detectable by RNA FISH in oocytes, we
observed an increase in transcription in PN4/5 zygotes
(Figure 1A, table). Transcripts were predominantly paternal in
agreement with the described higher transcriptional activity in
the paternal pronucleus (Aoki et al., 1997; Bouniol et al., 1995;
Puschendorf et al., 2008) (see Table S1 and Table S2 available
online). Interestingly, major satellite expression is dynamic
during early cleavage stages: concomitant with themajor zygotic
gene activation (mZGA) (Nothias et al., 1995)we observed aburst
in major satellite transcription at the 2-cell stage. Expression
rapidly decreases and by the 8-cell stage only a few signals
remained detectable. This transcriptional burst is absent if
embryos are cultured in the presence of a-amanitin, indicating
that major satellites are de novo transcribed (data not shown).
Because transcription of major satellites can occur from both
strands (Rudert et al., 1995), we decided to examine the expres-
sion of individual transcripts corresponding to each strand.
Reverse transcription using strand-specific primers followed by
polymerase chain reaction (PCR) (Figure 1B) effectively revealed
the presence of transcripts from both strands and confirmed the
transcriptional burst of major satellites at the 2-cell stage
revealed by RNA FISH.
Given the observed dynamics in major satellite expression, we
then investigated the organization of satellite repeats at the cor-
responding developmental stages and carried out DNA FISH
under conditions that preserve the 3D nuclear structure (Probst
et al., 2007). We used probes specific for major satellites and
telomeres to visualize nuclear organization (Figures 1C and
1D). For comparison, we carried out DNA FISH on mouse 3T3
fibroblasts, in which the organization of pericentric domains in
chromocenter clusters has been carefully documented (Guenatri
et al., 2004). As we had previously reported, pericentric domains
restructure after fertilization from their gamete-specific organiza-
tion to align around nucleolar precursor bodies in both parental
pronuclei of the zygote (Probst et al., 2007). The organization
of pericentric chromatin into chromocenters takes place in the
2-cell embryo concomitant with the observed peak in expres-
sion: a clear transition inmajor satellite organization is detectable
when comparing early versus late 2-cell embryos (Figure 1D).
Ring structures are still present in embryos at 39 hr phCG,
whereas most chromocenters are formed shortly before the
second mitosis (48 hr phCG). We also noted that up to the
8-cell stage, interphase chromosomes in most nuclei adopt
a Rabl configuration (Merico et al., 2007; Rabl, 1885) with centro-
meres on one side and the distal telomere on the opposite side of
the nucleus. This configuration is lost at later developmental
stages.ier Inc.
Figure 1. Major Satellite Repeats Undergo Dynamic Changes in Expression Concomitant with Structural Rearrangements during Preimplan-
tation Development
(A) RNA FISH using a nick translation probe for major satellites (red). Percentage of analyzed embryos (n) with 0, <30, or >30 RNA FISH signals are shown in the
table below.
(B) Strand specific RT-PCR of major transcripts normalized to an exogenous standard.
(C) Schematic representation of a typical mouse acrocentric chromosome.
(D) Bright field and fluorescence images of cells and embryos at different developmental stages, for which major satellites (red) and telomeres (green) have been
revealed by DNA FISH. DNA is counterstained with 40,6-diamidino-2-phenylindole (DAPI) (gray). Scale bar represents 10 mm. PB, polar body.
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Role of Pericentric Transcripts in Mouse EmbryosWe conclude that major satellite sequences are de novo tran-
scribed from the zygotic genome during preimplantation devel-
opment. Their transcription is dynamic and the transcriptional
upregulation followed by a rapid downregulation coincides with
the reorganization of pericentric satellites into chromocenters
during a discrete time window at the 2-cell stage.
Strand-Specific Regulation of Major Satellite
Transcripts during Early Cleavage Stages
To assess whether the expression of major satellites during early
preimplantation development is regulated in a strand-specific
manner, we designed fluorescently labeled single-stranded
oligonucleotide probes containing LNA bases (Figure 2A).
We tested these strand-specific LNA-probes in 3T3 cells
(Figure S1A) and then analyzed major satellite expression in
zygotes, 2-cell, 4-cell, and 8-cell embryos (Figure 2B). We chose
2-cell embryos at an early time point (39 hr phCG) corresponding
to a late S/early G2 stage, and a stage just before cleavage (48 hr
phCG), characterized by two distinct patterns of pericentric
satellite organization (Figure 1D). In the paternal pronucleus of
the zygote, we observed predominantly Reverse transcripts at
the 40,6-diamidino-2-phenylindole (DAPI)-bright rings corre-
sponding to major satellites (Probst et al., 2007) (Table S3). Inter-
estingly, a major peak of expression of the Forward transcripts
was observed by 39 hr phCG (Figure 2B; Figure S1B), whereas
the Reverse strand was highly expressed in late 2-cell embryosDevelopmshowing a punctuate pattern similar to zygotes and 3T3 cells
(Figure 2E). By the 4–8 cell stages, only a few isolated Forward
and Reverse transcripts were still detectable. Major satellite
expression therefore decreases abruptly after the second
cleavage. We found identical expression patterns in embryos
flushed directly from the oviduct at the corresponding develop-
mental stages, thereby excluding that the observed pattern is
a consequence of culturing embryos in vitro (Figure S1C). Quan-
tification of expression levels by strand-specific reverse
transcription followed by real-time (qRT-PCR) analysis at the
indicated developmental stages confirmed our RNA FISH obser-
vations (Figure 2F). At 39 hr phCG, the Forward transcripts have
increased >70-fold compared to MII oocytes; this is followed by
the upregulation of the Reverse transcripts by 48 hr phCG and
a sharp downregulation of both Forward and Reverse transcripts
at the 4-cell stage (Figures 2F and 2G). The decrease in Forward
transcripts takes place progressively in 2-cell embryos and
is accompanied by an increase in Reverse transcript foci
(Figure S1D), suggesting that the two transcripts coexist within
the same nucleus during the G2-phase of this stage. Remark-
ably, and in contrast to somatic cells (Figure 2E), the Forward
transcripts accumulate both at the DAPI-bright rings and in the
cytoplasm, whereas the Reverse transcripts are retained in the
nucleus (Figure 2B and Figure S1B).
The distinct patterns observed for Forward and Reverse tran-
scripts suggest that their dynamic is not merely a consequenceental Cell 19, 625–638, October 19, 2010 ª2010 Elsevier Inc. 627
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Role of Pericentric Transcripts in Mouse Embryosof unscheduled expression of noncoding RNA at this develop-
mental stage. We sought to confirm this by comparing major
transcripts with the noncoding telomeric repeat-containing
RNA (TERRA) (Azzalin et al., 2007; Schoeftner and Blasco,
2008) and polyA RNA. Although TERRA transcripts are detect-
able in 2-cell embryos, they accumulate from the 4- and 8-cell
stage on, when the expression of major satellites has reached
low levels (Figure 2C). In most cases, we observed two bright
sites of TERRA accumulation accompanied by small foci, which
likely correspond to an accumulation of TERRA transcripts at the
distal telomeres of sex chromosomes as described in embryonic
stem cells (ESCs) (Zhang et al., 2009) and chromatin-associated
transcripts at telomeres (Azzalin et al., 2007; Schoeftner and
Blasco, 2008) respectively. To visualize Pol II transcriptional
activity, we used an LNA probe directed against the poly A tails
of mRNA (Figure 2D). Although in the zygote few signals are
found in the nucleus, some transcripts are detected within the
cytoplasm. At 39 hr phCG we observe prominent signals within
the nucleus that could represent transcription factories (Iborra
et al., 1996). Transcriptional activity, as judged from the amount
of poly A RNA, is continuously increasing during the first
cleavage stages (Figure 2D).
We conclude that during the first cell cycles major satellite
transcripts exhibit expression patterns distinct from another
noncoding RNA (TERRA) or general transcriptional activity
(Figure 2G). They undergo a unique dynamic regulation with
a burst in expression during which the two transcripts are regu-
lated both spatially and temporally in a strand-specific manner.
Impact of Cell-Cycle Progression through S-Phase
on Major Satellite Expression and Chromocenter
Organization
To map the onset of satellite transcription at the 2-cell stage in
relation to DNA replication, we combined immunostaining of
the largest subunit (p150) of chromatin assembly factor 1
(CAF-1) as a marker for ongoing replication (Quivy et al., 2004)
with RNA FISH for major satellites. During mitosis and shortly
after cell division CAF-1 was not detectable (see also
Figure S2A), but accumulated when embryos entered S-phase
and marked replicating pericentric heterochromatin during
mid/late S-phase (Figure 3A). Combined RNA FISH with CAF-1
immunostaining revealed that the major Forward transcripts
progressively accumulate during S-phase.
Nucleosome disruption and restoration that occur during
S-phase may entail changes in chromatin modifications (Probst
et al., 2009). Importantly, during the earliest cleavage stages, the
initially predominant H3.3 variant (van der Heijden et al., 2005) is
progressively replaced by replicative histone H3 variants withFigure 2. Major Satellite Transcripts Show Strand-Specific Expression
(A) Scheme of fluorescently labeled LNA probes designed to specifically reveal F
(B) Major transcripts detected by strand-specific LNA probes: Forward (green) a
(C) Co-detection of major transcripts (green) with telomeric repeat-containing RN
(D) Co-detection of major transcripts (red) with bulk poly-adenylated RNA (green
nuclei for the other cleavage stages.
(E) RNA FISH for major satellites in 3T3 cells. DNA is counterstained with DAPI (
(F) Reverse transcription with strand-specific primers followed by quantification o
changes ± standard deviation (SD) of transcript levels relative to MII oocytes (se
(G) Schematic representation of expression patterns of the analyzed transcripts
Developmdifferent posttranslational marks (Loyola et al., 2006) and after
the active DNA demethylation of the paternal genome, both
genomes undergo progressive passive demethylation (Reik
et al., 2001). We therefore asked whether in 2-cell embryos,
replication and the accompanying changes in chromatin struc-
ture impact the expression dynamics of major satellites. For
this, we blocked 2-cell embryos at the G1/S border with aphidi-
colin, confirmed the absence of nucleotide incorporation, and
extracted RNA 42 hr phCG when control embryos have
reached the G2 stage (Figures 3B and 3C). RT-PCR quantifica-
tion revealed about 2-fold less Forward and a slight increase in
Reverse transcripts when embryos were cultured with aphidico-
lin compared to dimethyl sulfoxide (Figure 3D). The presence of
only half the DNA content in aphidicolin-treated embryos could
explain the observed reduction in Forward transcript levels.
However, the relative increase in Reverse transcripts suggests
that the chromatin configuration in G1/S arrested embryos facil-
itates Reverse strand expression. Therefore, even though the
Forward strand is transcribed during S-phase (Figure 3A), DNA
replication and the linked changes in histone composition and
DNA methylation do not significantly impact on the burst of
Forward transcripts, but may play a role in limiting Reverse
strand expression.
We then asked whether the S-phase block affects the reorga-
nization of pericentric domains. Indeed, whereas by 48 hr phCG,
chromocenters had formed in most of the control embryos, in
those embryos where S-phase was blocked, a fraction of the
pericentric domains remained in the form of ring structures
(Figure 3E).
We conclude that major Forward transcripts progressively
accumulate during S-phase and that their upregulation follows
an intrinsic developmental clock rather than being simply subject
to cell-cycle control. Clearly, progression through S-phase is
required for chromocenter organization of a fraction of pericentric
domains, indicating that transcriptional upregulation of Forward
transcripts alone is not sufficient and suggesting a potential
difference between maternal and paternal pericentric domains.
Parental-Specific Expression Patterns of Major
Satellites
In light of these results and the reported asymmetry in posttrans-
lational histone marks between the maternal and paternal peri-
centric domains (Probst et al., 2007; Puschendorf et al., 2008;
Santos et al., 2005), we wondered whether major satellites are
expressed in a parental-specificmanner. Indeed,when analyzing
the distribution of major satellite transcripts by RNA FISH we
noted that they significantly localized to only half of the nucleus
in 2-cell embryos. To distinguishmaternal and paternal genomesPatterns
orward (1,3) and Reverse (2,4) transcripts of major satellites.
nd Reverse (red).
A (TERRA) (red).
). Enlargements show the paternal pronuclei of the zygote and representative
gray). Scale bar represents 10 mm. PB, polar body.
f major transcripts relative to an exogenous standard using RT-PCR. Mean fold
t to 1) are shown.
from zygotes to 8-cell embryos (see also Figure S1).
ental Cell 19, 625–638, October 19, 2010 ª2010 Elsevier Inc. 629
Figure 3. The Burst of Major Satellite Expression Is Independent of Progression through S-Phase
(A) At different time points after hCG injection embryos were stained for p150 CAF-1 (red) followed by RNA FISH for Forward transcripts (green).
(B) After completion of the first S-phase, embryos were cultured with and without BrdU and in the presence of aphidicolin to block DNA replication in the second
S-phase and collected together with mock treated embryos at 42 hr phCG for RNA extraction and BrdU staining and at 48 hr phCG for DNA FISH.
(C) Incorporated BrdU (red) in 2-cell embryos cultured with or without aphidicolin.
(D) RT-PCR quantification of major transcripts after strand-specific reverse transcription. Mean fold changes ± SD of transcript levels in aphidicolin relative to
dimethyl sulfoxide-treated embryos (set to 1) are shown.
(E) DNA FISH for major satellites (red) and telomeres (green). Arrowheads point to pericentric domains organized as chromocenters or ring-structures, respec-
tively (see also Figure S2). DNA is counterstained with DAPI (gray). Scale bar represents 10 mm. PB, polar body.
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Role of Pericentric Transcripts in Mouse Embryoswemadeuse of the fact that at this stageonlymaternal chromatin
carries the H3K9me3 mark and the two parental genomes are
spatially segregated in some nuclei (Mayer et al., 2000b). We
collected embryos at the early or late 2-cell stage and revealed
H3K9me3by immunostaining, followedbyRNAFISH for Forward
or Reverse transcripts, respectively (Figure 4A). Interestingly, in
15 of 17 2-cell nuclei, in which we could observe a clear630 Developmental Cell 19, 625–638, October 19, 2010 ª2010 Elsevpaternal/maternal separation, sites of Forward transcript accu-
mulation were localized at paternal chromatin (Figure 4B, arrow-
head). In contrast, the Reverse transcripts were not found to be
limited to either genome (Figure 4C). Their localization to only
half of the nucleus can be explained by the restriction of pericen-
tric domains to one side in nuclei with Rabl configuration (Merico
et al., 2007; Rabl, 1885) (Figure 1D).ier Inc.
Figure 4. Major Satellite Transcripts Show
Parental Asymmetry
(A) Two-cell embryos were fixed at 39 hr phCG (B)
and 48 hr phCG (C) and processed for immunos-
taining followed by RNA FISH. (B and C) Repre-
sentative 2-cell embryos stained for H3K9me3
(red in B and green in C) followed by RNA FISH
for Forward (green, B) or Reverse transcripts
(red, C). DNA is counterstained with DAPI (gray).
Scale bar represents 10 mm. PB, polar body.
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Role of Pericentric Transcripts in Mouse EmbryosGiven that the Forward strand is predominantly expressed
from paternal chromosomes at the 2-cell stage, we reasoned
that its level should be reduced in parthenotes in which the
complete genome is contributed by the oocyte and all pericentric
domains carry somatic heterochromatin marks. We therefore
generated diploid parthenotes and analyzed their satellite orga-
nization and transcription (Figure 5A; Figure S3). Like in embryos,
the pericentric satellites in 1-cell parthenotes organize in perinu-
cleolar rings, which are resolved into chromocenters during the
2-cell stage (Figures 5B and 5C; Figure S3). This argues for
a developmental stage-specific organization of the pericentric
domains that is initially independent of the parental origin and
the corresponding epigenetic marks. As hypothesized, we foundDevelopmental Cell 19, 625–638,the levels of Forward transcripts to be
reduced by 6-fold in early 2-cell parthe-
notes compared to embryos (Figures
5B–5D; Figure S3A). In agreement, the
comparison of major transcript dynamics
during early cleavage stages between
embryos and parthenotes clearly re-
vealed the absence of a marked burst of
Forward strand expression in parthenotes
(Figure 5D). In contrast, we observed a
peak of Reverse transcription in late
2-cell parthenotes; although 3-fold lower
than in embryos (Figures 5C and 5D; Fig-
ure S3A). The differences between par-
thenotes and embryos were specific to
pericentric domains, as we did not find
any significant difference in the amount,
patterns or dynamics of TERRA RNA
(Figures 5B and 5C) or polyadenylated
transcripts (Figure S3B) by RNA FISH.
Thus, these findings demonstrate
the predominant paternal-specific major
satellite expression, in particular of the
Forward transcripts, which reflects the
asymmetry between the two parental
genomes and could be favored by the
lack of somatic heterochromatic marks
at the paternal pericentric domains.
Interference with Major Satellite
Transcription Results in
Developmental Arrest
To understand the importance of the tran-
scription dynamics of major satellites forheterochromatin organization and embryonic development, we
decided to interfere with their expression. Because RNA interfer-
ence has been reported to operate during preimplantation devel-
opment (Svoboda et al., 2004), we first injected zygotes with
either control small-interfering RNAs (siRNAs) or siRNAs target-
ing major satellites. However, this had no impact on embryonic
development or the organization of pericentric domains
(Figure S4A), possibly because mainly the cytoplasmic Forward
transcripts were targeted. Therefore we instead tried to deplete
major RNA using LNA-DNA gapmers, which have previously
been used to successfully interfere with nuclear transcripts
(Mayer et al., 2006) and could deplete major transcripts in 3T3
cells despite their nuclear localization (data not shown). TheyOctober 19, 2010 ª2010 Elsevier Inc. 631
Figure 5. The Peak of Forward Strand Expression Is Absent in 2-Cell Parthenogenetic Embryos
(A) 2-cell embryos and parthenotes were collected for RNA extraction and RNA FISH at27 hr and38 hr postfertilization (pf) or postactivation (pa), respectively.
(B and C) RNA FISH for Forward (green) and Reverse (red) transcripts in representative 2-cell embryos and parthenotes fixed at27 hr (B) and38 hr (C) pf or pa,
respectively. For both time points mean fold changes ± SD of transcript levels in parthenotes relative to embryos (set to 1) as determined by qRT-PCR are shown.
Early and late 2-cell embryos and parthenotes were also processed for TERRA (red) RNA FISH and DNA FISH with probes revealing major satellites (red) and
telomeres (green). DNA is counterstained with DAPI (gray). Scale bar represents 10 mm. PB, polar body.
(D) Dynamics of major satellite expression in embryos and parthenotes. Reverse transcription with strand-specific primers followed by quantification of major
transcripts relative to an exogenous standard using RT-PCR. Mean fold changes ± SD of transcript levels in embryos (colored lines) and parthenotes (bars) rela-
tive to the amount of transcripts in MII oocytes (set to 1) are shown (see also Figure S3).
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Role of Pericentric Transcripts in Mouse Embryosare thought to lead to RNA degradation by activating the RNase
H pathway (Rapozzi et al., 2006), however, they may also inter-
fere with the folding of RNA into secondary structures, the
binding of proteins (Mayer et al., 2006) or transcription per se
when designed with homology to a gene promoter (Beane632 Developmental Cell 19, 625–638, October 19, 2010 ª2010 Elsevet al., 2008). We therefore anticipated that LNA-DNA gapmers
would affect the dynamics and function of major transcripts in
our system. We microinjected zygotes with either control LNA-
DNA gapmers or a set of two gapmers specifically targeting
Forward and Reverse major transcripts (Figure 6A; Figure S4B)ier Inc.
Developmental Cell
Role of Pericentric Transcripts in Mouse Embryosand confirmed the reduction in major transcript levels by qRT-
PCR (Figure 6B). Injection of LNA gapmers targeting green fluo-
rescent protein (GFP) or a control oligonucleotide had no signif-
icant impact on preimplantation development. In contrast,
embryos injected with LNA-DNA gapmers targeting major tran-
scripts showed delayed development and/or developmental
arrest at the 2-cell stage in a significantly elevated frequency
compared to control injected embryos (Table 1). The arrested
embryos could be maintained in culture for 4 days without
obvious signs of degeneration/death (Figure S4C, I). In agree-
ment with our qRT-PCR results, RNA-FISH revealed reduced
levels of major transcripts, whereas global transcription was
not affected (Figure S4C, II).
To narrow down the time of developmental arrest, we cultured
microinjected embryos in the presence of bromodeoxyuridine
(BrdU) to visualize nucleotide incorporation during DNA replica-
tion. In contrast to embryos in which DNA replication was
blocked with aphidicolin, all microinjected embryos incorpo-
rated BrdU during the second cell cycle (Figure 6C, I). We can
therefore exclude that the developmental arrest occurred before
the second S-phase. Furthermore, absence of clear CAF-1
patterns in arrested and GFP-injected control embryos at 45 hr
phCG suggests that the embryos are in G2 phase (Figure 6C, II),
a critical developmental time window that corresponds to the
peak in Reverse and the decline in Forward transcripts as well
as the reorganization of pericentric heterochromatin into chro-
mocenters (Figure 1D; Figure S1D). To exclude that the arrest
is a consequence of DNA damage or replication stress rather
than a direct result of interference with major satellite transcripts,
we used immunofluorescence staining for gH2AX. gH2AX is
widely used as a marker for a response to DNA damage in
eukaryotes (van Attikum and Gasser, 2009) and was found to
be significantly increased in embryos treated with aphidicolin
(Figure 6C, III). In agreement with a previous study (Ziegler-
Birling et al., 2009), we observed few gH2AX-enriched domains
in embryos injected with LNA-DNA GFP gapmers as well as
untreated in vitro cultured embryos (data not shown). No
increase in H2AX phosphorylation was seen in embryos injected
with LNA-DNA gapmers targeting major satellite transcripts
(Figure 6C, III). This argues against severe replication defects
induced by the injection of LNA-DNA gapmers and/or the loss
of major satellite transcripts.
To address the potential function of major satellite RNA, we
explored the hypothesis that major transcripts, in a similar
manner to Xist RNA on the inactive X chromosome (Schoeftner
et al., 2006), stabilize PRC1 complexes, which accumulate at
paternal pericentric domains during the first cell cycles of embry-
onic development (Puschendorf et al., 2008). We therefore
stained embryos injected with LNA-DNA gapmers targeting
GFP or major satellites for Ring1b as a representative PRC1
component. We found, however, no significant difference in
the distribution of Ring1b at maternal or paternal genomes or
in its accumulation at the DAPI-bright pericentric domains
compared to control (Figure 6D), suggesting that interference
with major transcripts during the 2-cell stage does not delocalize
PRC1 from paternal chromatin.
To evaluate the impact of depleting major satellite transcripts
on the organization of pericentric heterochromatin, we fixed
arrested embryos at 67 hr phCG for DNA FISH. Whereas theDevelopmGFP control-injected embryos cleaved to 4 or 8 cells revealing
chromocenters, in embryos injected with gapmers directed
against major transcripts, part of the pericentric domains
remained organized in ring structures (Figure 6E, compare to
Figure 1D, early 2-cell embryos). Thus, interference with major
satellite transcripts results in developmental arrest in the
G2-phase of the 2-cell stage, before pericentric domains have
completed their reorganization into chromocenters.
DISCUSSION
Unique Strand-Specific Regulation of Major Satellite
Transcription during Chromocenter Formation at the
2-Cell Stage: Activation Followed by Downregulation
In this study, we provide clear evidence for an exquisite
strand-specific regulation of major satellite transcription during
early cleavage stages when chromocenter formation occurs.
A peak of expression immediately followed by downregulation
takes place during this time window. The upregulation at the
2-cell stage, also observed for TERRA (Figure 2B) and other non-
coding RNAs (Okamoto et al., 2004; Svoboda et al., 2004;
Terranova et al., 2008), could relate to general changes at this
developmental stage: (1) in chromatin, when H4 is hyperacety-
lated (Wiekowski et al., 1997) and DNA partially demethylated
(Mayer et al., 2000a; Reik et al., 2001) and (2) in the transcrip-
tional machinery (Torres-Padilla and Tora, 2007). However, the
abrupt downregulation of major satellites is unparalleled.
The specific peak in transcription and the observed drop by
the time that pericentric domains have organized into chromo-
centers suggests a link between chromocenter formation and
these unique expression dynamics. Extensive changes in peri-
centric heterochromatin organization are also observed during
reprogramming of primordial germ cells (Hajkova et al., 2008).
Whether these changes are associated with specific expression
dynamics of major satellites, and whether a common mecha-
nism operates in different events of lineage reprogramming
would be interesting to explore.
Remarkably, our qualitative analysis using RNA-FISH shows
that major satellite transcripts exhibit unexpected strand-
specific expression patterns and localization. Whereas Forward
transcripts accumulate during S-phase, Reverse strands are
transcribed later, during G2 phase. Moreover, transcription
of the Forward strand is strongly paternally biased and conse-
quently reduced in parthenotes. Some aspects of the differential
regulation of Forward and Reverse transcripts may be
accounted for by the parental asymmetry (Puschendorf et al.,
2008; Santos et al., 2005) and possibly by changes in DNA repli-
cation regulation (Hiratani et al., 2008). Investigating whether
transcripts from the major satellites use specific promoters
within the satellite repeats or are transcribed from interspersed
transposons and require specific transcription factors should
help to unravel their mode of regulation.
The subcellular distribution of the two complementary tran-
scripts and the distinct response in their expression to a cell-
cycle block further support a strand-specific regulation. Reverse
transcript signals are found in discrete nuclear foci at the DAPI-
bright rings formed by the pericentric domains and may repre-
sent nascent transcription sites. Forward transcripts that coat
a significant fraction of pericentric repeats (Figure S5) alsoental Cell 19, 625–638, October 19, 2010 ª2010 Elsevier Inc. 633
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Table 1. Developmental Phenotype of Embryos Microinjected
with LNA-DNA Gapmers
LNA-DNA
Gapmer Experiments (n) Delayed a (%)
Arrested in
2-Cell (%) Embryos (n)
GFP 8 8.1 1.6 62
Control 4 20.5 11.4 44
Major 1+2 7 80.3 72.1b 61
Major 3+4 4 51.1 31.1c 45
LNA, locked nucleic acid.
aNot yet cleaved to 4-cell stage by 65 hr phCG.
b Fisher’s exact test: p = 3.8e-18 compared to GFP; p = 2.7e-10
compared to control.
c Fisher’s exact test: p = 1.4e-5 compared to GFP; p = 0.037 compared to
control.
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embryos (Figure S1B). In embryos arrested at the G1/S border,
the upregulation of Forward transcripts is not significantly
affected and rather follows an intrinsic developmental program,
as proposed for zygotic gene activation (Nothias et al., 1995).
The Reverse transcription, which is activated later, is moderately
increased in G1/S-arrested embryos and thereby parallels global
transcription (Aoki et al., 1997). This increase compared to
untreated embryos in G2 phasemay be due to failure to establish
a transcriptionally repressive state (Wiekowski et al., 1997).
Intriguingly in these embryos, only a fraction of major satellite
repeats, possibly corresponding to maternal pericentric repeats
(Figure 1D), organizes into chromocenters. In contrast, paternal
domains, which undergo more dramatic chromatin rearrange-
ments and require a de novo formation of heterochromatin,
would fail to do so.
Notably, after cleavage to the 4-cell stage, expression of major
satellites from both strands drops abruptly in a concomitant
fashion, likely implicating both transcriptional and post-tran-
scriptional mechanisms. The general transcriptionally repressive
state established during the course of the mZGA (Aoki et al.,
1997; Schultz, 2002) and the global decrease in histone H4 acet-
ylation (Wiekowski et al., 1997) can potentially contribute to the
downregulation at the transcriptional level along with the higher
order organization of pericentric repeats into chromocenters. At
the same time, posttranscriptional regulation could come into
place at the 4-cell stage as discussed later.
Thus, the exquisite transcriptional regulation specific to major
satellite transcripts underlines a unique regulatory mechanism at
a critical time window during development.Figure 6. Depletion of Major Satellite Transcripts Leads to Developme
(A) Zygotes were injected between 24–27 hr phCG with LNA-DNA gapmers direc
gapmers directed against the Forward and Reverse major transcripts. Embryos
immunostaining at 45 hr, and for DNA FISH at 67 hr phCG.
(B) RT-PCR quantification of major transcripts after strand-specific reverse trans
gapmers 1+2 compared to GFP (set to 1) from two independent microinjections
(C) I: BrdU incorporation (red) in 2-cell embryos microinjected with LNA-DNA gap
II: Immunostaining of microinjected embryos for the largest subunit of the CAF-1 c
III: gH2AX staining (green) in microinjected embryos compared to aphidicolin-tre
(D) Microinjected 2-cell embryos stained for Ring1B (green) and H3K9me3 (red).
(E) Right panels show brightfield images of microinjected embryos 72 hr phCG.Mi
(red) and telomeres (green) (see also Figure S4). DNA was counterstained with D
DevelopmA Functional Role for the Expression Dynamics
of Major Satellite Transcripts
The developmental arrest observed after injection of LNA-DNA
gapmers directed against major satellite transcripts strongly
supports the functional relevance of these transcripts. Either
the act of transcription and the associated chromatin remodeling
or the transcripts as a structural component or through their pro-
cessing could be important. Indeed, the rapid disappearance of
major satellite transcripts by the 4-cell stage implies both tran-
scriptional and posttranscriptional processing. In analogy to
RNAi-mediated degradation and RNA-directed transcriptional
silencing mechanisms in S. pombe (White and Allshire, 2008),
it is tempting to speculate that either major transcripts could
fold into partially double-stranded secondary structures (Djupe-
dal et al., 2009) or that the two complementary transcripts
hybridize to double-stranded intermediates, which are further
processed to trigger heterochromatin formation at the paternal
domains. Given that RNA interference operates in oocytes
(Watanabe et al., 2008) and preimplantation embryos, where it
is involved in transposon control (Svoboda et al., 2004; Wata-
nabe et al., 2008), this is an attractive possibility. The expression
kinetics of Forward and Reverse transcripts (Figure S1D) and the
observation that double stranded major RNA can rescue the
developmental arrest of embryos expressing a K27R mutated
form of H3.3 (Santenard et al., 2010) are compatible with such
a scenario. However, to determine whether small double-
stranded RNAs corresponding to major satellite transcripts
accumulate at the 2-cell stage, a detailed analysis including
deep sequencing of small RNA libraries derived from the
corresponding developmental stages would be necessary.
Alternatively mechanisms independent of RNAi, as found in
S. cerevisae, during which antisense transcripts act in cis or in
trans on homologous target sequences to induce transcriptional
silencing (Camblong et al., 2009), can also be envisaged. Future
studies should elucidate the pathways involved in degradation
as well as the possible interaction with mechanisms operating
at the transcriptional level that together result in the low consti-
tutive expression level at later developmental stages.
Interestingly, interference by LNA-DNA gapmers can not only
lead to RNA degradation, but also inhibit RNA folding or RNA-
protein interaction as shown for the binding of the nucleolar
remodeling complex (NoRC) to short intergenic RNA molecules
covering the rDNA promoter (Mayer et al., 2006), thus affecting
their functional role. In this case, LNA-DNA gapmers were readily
effective in interfering with RNA-mediated stabilization of the
NoRC complex and with the formation of heterochromatin at
the rDNA locus. A similar structural role for major transcriptsntal Arrest before Chromocenter Formation Is Completed
ted against GFP, control LNA-DNA gapmers or with either set of two LNA-DNA
were collected for RNA extraction, RNA FISH, and BrdU staining at 42 hr, for
cription. Mean transcript levels ± SD in 2-cell embryos injected with LNA-DNA
are shown.
mers GFP or major 1+2 and in aphidicolin-treated embryos as negative control.
omplex (p150, red) as S-phasemarker compared to 2-cell embryos in S-phase.
ated embryos.
ddle and left panels represent embryos stained by DNA FISH formajor satellites
API (gray). Scale bar represents 10 mm. PB, polar body.
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accumulate at paternal pericentric domains in an Ezh2 and
H3K27me3 independent manner (Puschendorf et al., 2008).
However, we have not found evidence that interference with
major transcripts during the 2-cell stage delocalizes PRC1
from paternal chromatin. Alternatively, major transcripts could
be involved in stabilizing heterochromatin components at
maternal and/or in their local recruitment to paternal domains.
Potential candidates are histone methyltransferases and HP1.
HP1 has RNA-binding capacity (Maison et al., 2002; Muchardt
et al., 2002) and interacts in a posttranslationally modified form
with major Forward transcripts (Maison et al., submitted). At
paternal domains, recruitment of HP1 in combination with an
active histone methyltransferase could lead during the next cell
cycles to accumulation of H3K9me3 and HP1 that could further
spread in the absence of major transcripts using a self-perpetu-
ating loop (Maison and Almouzni, 2004) and progressively
displace PRC1 components. Our observation of a partial coloc-
alization between Forward transcripts and HP1b (Figure S5)
together with the fact that exogenously expressed major tran-
scripts can lead to reduced HP1 at chromocenters (Frescas
et al., 2008) would be consistent with this scenario. We propose
that the combined expression dynamics of Forward and Reverse
major satellite transcripts play an important role in setting up the
paternal intermediate heterochromatin state and consolidating
the maternal one to enable proper cell division.
Taken together, we have highlighted a unique strand-specific
regulation of major satellite repeats during mouse pre-implanta-
tion development. The expression of major satellites as well as
major changes in their subnuclear higher-order organization
illustrate the extremely dynamic and deliberate processes that
occur during this critical time window when maternal pericentric
heterochromatin is reorganized and the paternal one is set up for
subsequent development.EXPERIMENTAL PROCEDURES
Antibodies and LNA Oligonucleotide Probes
We used the following antibodies for immunofluorescence staining: anti-CAF1
(p150, [Quivy et al., 2004], 1:500–1:800), anti-H3K9me3 (Upstate, 1:200), anti-
Ring1B (MBL, 1:200), anti-gH2AX (Millipore, 1:500) and anti-BrdU (Harlan
Seralab, 1:800) in combination with cross-absorbed Alexa 488-, 594-, or
647-coupled secondary antibodies (Molecular Probes). We obtained fluores-
cently labeled LNA oligonucleotide probes and LNA-DNA gapmers from
Exiqon and Sigma Proligo (Table S4).Mouse Embryo Collection and Culture
Superovulated F1 (C57BL/6 3 DBA) females (Charles River) were mated with
B6D2F1 males and embryos were either flushed from the oviduct at the
desired developmental stage or isolated from the ampullae as zygotes and
cultivated in microdrops of M16 medium (Sigma) at 37C under 5% CO2. To
block replication we supplemented M16 medium with 2.5 mg/ml aphidicolin
(Sigma). To generate diploid parthenotes, we isolated MII oocytes 16 hr
phCG and activated them in Ca2+-free M16 medium containing 10 mM SrCl2
for 1 hr followed by 6 hr in M16 medium containing 5 mg/ml cytochalasin B.Microinjection
We isolated zygotes from superovulated mated B6D2F1 females20 hr phCG
and microinjected 10 pL LNA-DNA gapmers (10 mM) diluted in 6 mM HEPES
(pH 7.5), 20 mM KCl, 0.2 mM MgCl2 into the cytoplasm between 24–27 hr
phCG using an Eppendorf micromanipulator on a Nikon inverted microscope.636 Developmental Cell 19, 625–638, October 19, 2010 ª2010 ElsevImmunofluorescence Staining and RNA FISH
Oocytes and embryoswere prepared for immunofluorescence, RNA FISH, and
immuno-RNA FISH as described (Okamoto et al., 2004; Terranova et al., 2008),
except that we carried out hybridization with fluorescently labeled LNA probes
(0.4 mM, Exiqon) in 50% formamide (Sigma), 23 saline sodium citrate (SSC)
(Sigma), 10% dextran sulfate (Fluka), 10 mM vanadyl ribonucleoside complex,
and 2 mg/ml bovine serum albumin (NEB) for 35 min at 37C and washed in
0.13 SSC at 60C. DNA FISH on cells and embryos was carried out as
depicted (Guenatri et al., 2004; Probst et al., 2007), except that the hybridiza-
tion mix contained LNA probes (0.1 mM) and posthybridization washes were in
0.13 SSC at 60C. To reveal BrdU, DNA was denatured as for DNA FISH
before immunostaining.
Microscope Analysis and Image Processing
We acquired brightfield images of embryos and cells under a Nikon inverted
microscope eclipse TS100 equipped with a Digital Sight camera system
(Nikon), and fluorescent images using the Deltavision RT microscope (Applied
Precision; 403, numerical aperture [NA] of 1.35, 633 and 1003 objectives with
a NA of 1.4). We deconvolved images with SoftWorx and used Adobe Photo-
shopCS3 and ImageJ for further processing. If not stated otherwise,maximum
intensity projections are shown.
RNA Preparation and Real-Time PCR Analysis
After addition of 0.5 pg of an in vitro transcribed exogenous standard per cell in
the embryo, RNA (Trizol, Invitrogen) from at least 10 embryos was Dnase I
(Sigma) treated, reverse transcribed (Superscript II, Invitrogen) with strand
specific primers (Lehnertz et al., 2003) and major transcript levels were quan-
tified by RT-PCR (Terranova et al., 2005).
SUPPLEMENTAL INFORMATION
Supplemental Information includes five figures and four tables and can be
found with this article online at doi:10.1016/j.devcel.2010.09.002.
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